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We present a comprehensive study of free-charge carrier and structural properties of two sets of InN films grown by molecular beam epitaxy and systematically doped with Mg from 1.0 Â 10 18 cm À3 to 3.9 Â 10 21 cm
À3
. The free electron and hole concentration, mobility, and plasmon broadening parameters are determined by infrared spectroscopic ellipsometry. The lattice parameters, microstructure, and surface morphology are determined by high-resolution X-ray diffraction and atomic force microscopy. Consistent results on the free-charge carrier type are found in the two sets of InN films and it is inferred that p-type conductivity could be achieved for 1.0 Â 10 18 cm À3 Շ [Mg] Շ 9.0 Â 10 19 cm
. The systematic change of free-charge carrier properties with Mg concentration is discussed in relation to the evolution of extended defect density and growth mode. A comparison between the structural characteristics and free electron concentrations in the films provides insights in the role of extended and point defects for the n-type conductivity in InN. It further allows to suggest pathways for achieving compensated InN material with relatively high electron mobility and low defect densities. The critical values of Mg concentration for which polarity inversion and formation of zinc-blende InN occurred are determined. Finally, the effect of Mg doping on the lattice parameters is established and different contributions to the strain in the films are discussed. V C 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4871975]
I. INTRODUCTION
InN and related alloys have attracted much research interest due to their unique properties and potential for applications in solar cells, high speed electronics, terahertz emitters, and various light emitting devices from the infrared to the ultraviolet spectral range. 1 Despite the intense investigation, controllable n-and p-type doping in InN and In-rich alloys is still very challenging, mostly because of the peculiar electronic band structure of the material. In particular, p-type doping in InN is difficult to be either achieved or assessed. Because of the low band gap energy of 0.65 eV and high electron affinity, the Fermi stabilization energy or so-called branch point in InN lies high in the conduction band. 2 Consequently, native defects have donor character. 3 Furthermore, most common unintentional impurities, such as H, O, and Si also act as donors. 4, 5 As a result InN epitaxial films are typically unintentionally n-type doped with relatively high free electron concentrations. State-of-the-art InN films grown by molecular beam epitaxy (MBE) have room temperature bulk electron concentrations as low as 1.5-4.0 Â 10 17 cm À3 (Refs. 6-10) and high electron mobilities, with a record value of 3280 cm 2 /V s. 10 Theoretical calculations have predicted that Mg is a shallow acceptor 5 while C 5 and Mn 11 act as deeper acceptors. Even in the case of Mg, the ionization energy of about 0.1 eV is relatively large and therefore only a small part of the Mg acceptors will be ionized at room temperature. In order for Mg doped InN (InN:Mg) to manifest p-type conductivity it is necessary that the concentration of ionized acceptors exceeds the concentration of ionized donors. As a result, relatively low free hole concentrations may be expected even in state-of-the-art InN:Mg films with low unintentional electron doping. In addition, a strong electron accumulation occurs at the InN film surfaces 12, 13 with a large sheet density in the low-to-mid 10 13 cm À2 range. [12] [13] [14] [15] [16] [17] Consequently, detecting potential p-type conductivity in the InN bulk using conventional contact-based electrical measurements is not possible, since the surface inversion layer with high electron density conceals the region with free holes. 18 Up to date, only Mg has proven to successfully p-type dope InN, [18] [19] [20] [21] and free holes in InN:Mg films have been experimentally identified by electrolyte capacitance-voltage, 18, 22, 23 thermopower, [23] [24] [25] 22, 23, 29 If the Mg concentration is further increased, the conductivity in InN switches again to n-type possibly due to donor defects induced by the Mg incorporation. 22, 23, 29 The range of Mg concentrations of the p-type window in InN may vary depending on the growth conditions which determine the microstructure and impurity/dopant incorporation in the films. 22, 23 Establishing the effect of Mg incorporation on the structural properties and their interrelation with free-charge carrier (FCC) parameters is thus very important in order to better understand and optimize p-type doping in InN. However, the studies of the structural properties of Mg doped InN films have not been exhaustive and no information on how defects affect the FCC properties exist in the literature. [30] [31] [32] [33] [34] Previously, it was reported that the polarity of InN films doped with Mg is inverted from In to N when the Mg concentration exceeds 10 19 cm
À3
. 30, 34 Positron annihilation studies of N-polar InN:Mg identified nitrogen vacancy clusters for Mg concentrations below 2 Â 10 19 cm À3 while for Mg concentrations above the p-type window (when the conductivity is switched to n-type again) complexes between indium vacancy and nitrogen vacancy clusters were found. 35 Recently, Choi et al. 36 reported on the degradation of surface morphology and onset of polarity inversion for Mg concentration above 7 In this work, we present a comprehensive study of the FCC and structural properties of InN films systematically doped with Mg. IRSE is used to assess the type of doping and the free electron and hole concentration, mobility, and plasmon broadening parameters. The lattice parameters, microstructure, and surface morphology are determined by high-resolution X-ray diffraction (HRXRD) and atomic force microscopy (AFM).
II. EXPERIMENTAL AND DATA ANALYSIS
Two sets of wurtzite (WZ) InN films with c-plane orientations grown by plasma-assisted MBE and doped with varying Mg concentrations were studied (Table I ). In the first set, hereafter called set A, seven InN films were grown on 4.1-lm-thick metal-organic vapor phase epitaxy (MOVPE) Ga-polar c-plane GaN/sapphire templates. The growth temperature was 480 C and slightly In-rich conditions were used. 33 For all samples in set A, the InN growth started with a 50 nm undoped layer followed by a 400 nm thick Mgdoped InN layer. In the second set, hereafter called set B, eight InN films were grown on 1.7-lm-thick MOVPE GaN on sapphire. 23 Similar to the first set, before the Mg doped InN layer, a 60-nm-thick undoped InN interlayer was grown at 450 C. 23 The InN films of set B were grown using the droplet elimination by radical beam irradiation method. 37 Two samples from set B with the same Mg concentration of 2.3 Â 10 20 cm À3 were grown under different In/N growth ratio: B7 under N-rich and B8 under slightly In-rich growth conditions (Table I ). The rest of the samples from set B were grown at slightly In-rich conditions. The MOVPE GaN templates for the two sample sets have high crystalline quality with GaN (0002) rocking curve (RC) full-width at half maximum of 6 arcsec. The two sets include undoped InN reference samples and Mg-doped InN films with systematically TABLE I. FCC and structural characteristics of the InN films from set A and set B: N and l are the free-charge carrier concentration and mobility, respectively; N scw and N ed are the density of screw and edge type dislocations, respectively; RMS is the root mean square roughness. Table I ). The Mg concentrations in the samples from both sets were estimated by secondary ion mass spectrometry (see Table I ). All samples from the two sets were grown with intended In-polarity. Both electrolyte capacitance voltage (ECV) measurements and IRSE demonstrated that p-type conductivity in the samples from set A was achieved for Mg concentrations between 1.0 Â 10 18 cm À3 and 2.9 Â 10 19 cm
À3
. 29, 33 The presence of free holes in samples B3, B4, and B5 was proved by negatively shifted ECV and positive Seebeck coefficients in thermopower measurements. 23 IRSE was performed at multiple angles of incidence using a variable angle J. A. Woollam Co. ellipsometer. Ellipsometry measures the change in polarization state of light upon reflection of a sample, where the measured standard ellipsometric parameters W and D are defined the ratio q
Spectroscopic ellipsometry is an indirect method and requires a detailed model analysis in order to extract relevant physical parameters. In order to reduce parameter correlation, the IRSE data obtained at multiple angles of incidence were analyzed simultaneously for all samples by using a four-layer-stack model: sapphire substrate/GaN template layer/InN undoped buffer layer/InN layer. Dielectric function model calculations are then applied to match the experimental spectra and extract information of the dielectric function of interest. The IRSE dielectric functions of sapphire were previously determined and taken without any changes in the current work. 39 The model dielectric functions of GaN and InN included contributions from lattice vibrations (phonons) and FCCs. 40, 41 The uncoupled phonon mode parameters and the high-frequency limit of the dielectric function of GaN and InN are taken from our previous works. 40, 42, 43 The FCC contribution with consideration of longitudinal optical phonon plasmon coupling (LPP) was described by applying the Kukharskii model 29, 44 e kð?Þ ðxÞ ¼ e 1;kð?
where x LPP À=þ ;kð?Þ are the frequencies of the LO-phonon-plasmon branches LPP À =LPP þ for directions parallel (k) and perpendicular (?) to the c-axis
and c LPP À=þ is the respective isotropically averaged LPP broadening parameter. c p is the plasma broadening parameter which is connected to the effective mass m* and the optical mobility l by c p ¼ q=m Ã l, with jqj ¼ e being the elementary charge. A regression analysis (Levenberg-Marquardt algorithm) is performed, where the model parameters are varied until calculated and experimental data match as close as possible. 38 This is done by minimizing the mean square error (v 2 ) function which is weighed to estimate experimental errors (r). The FCC parameters in the main InN layer, the InN undoped buffer, and GaN are allowed to vary during the IRSE regression analysis. The contributions of the InN undoped buffer layer and GaN template were considered the same for all samples of a particular set. The thickness of the layers were taken from the fit of the ellipsometry data in the ultraviolet region, which provide much better sensitivity to the individual thicknesses. Details about the spectroscopic ellipsometry analysis and modeling for set A, applied here for set B as well, can be found in Ref. 29 .
AFM measurements were performed on Veeco Instrument Inc in tapping mode. XRD RC, 2h-x scans, reciprocal space map (RSM), and pole figure (PF) measurements were performed using monochromated Cu K a1 radiation on an Empyrean diffractometer from PANalytical. The InN lattice parameters were determined from the symmetric (0002), (0004), and (0006) for the c-lattice parameter, and the asymmetric ð10 14Þ; ð10 15Þ; ð20 24Þ, and ð20 25Þ 2h-x HRXRD spectra for the a-lattice parameter following the method described in Ref. 45 . PFs were measured around the ZB InN (200) plane and the ZB volume fraction was estimated from the ratio of the integral intensity of the ZB InN (331), and WZ IN ð10 15Þ RCs, following the method described in Ref. 46 
where a and c are the measured lattice parameters. The mosaic tilts in the InN films were obtained from the Williamson-Hall plots of the symmetric WZ InN (0002), (0004), and (0006) diffraction peaks. 47 The mosaic twist was estimated using the method proposed by Srikant et al. 48 and using the RC FWHMs of WZ InN (0002), ð10 11Þ; ð10 12Þ; ð10 12Þ, and ð30 12Þ.
III. RESULTS AND DISCUSSION
A. Free-charge carrier properties Figure 1 shows the experimental and best-match calculated IRSE W spectra for the samples of set B. The analysis of the IRSE spectra of set A can be found in Ref. 29 . The lineshape analysis for all films from sets A and B render the carrier type, concentration, mobility and phonon-plasmon broadening parameters in the InN layer (Table I) , InN buffer layer, and GaN template. In order to extract the carrier concentration and mobility, a value for the effective mass must be assumed. The dependence of the electron effective mass on carrier concentration reported in Ref. 49 was used for the InN n-type films, while in the case of free holes a constant hole effective mass of 0.42 m 0 in InN 25 was assumed. A value of the electron effective mass in GaN of 0.22 m 0 was taken. 40 The free electron concentrations in the GaN template and 50-nm-thick undoped InN buffer layer in the samples from set B were found to be 1. , the number of ionized acceptors exceeds the number of background donors, and the InN films become p-type conductive. This is manifested by the appearance of a dip in the infrared spectra, which is slightly above the uncoupled A 1 -LO mode of InN at around 600 cm À1 (see vertical line in Fig. 1 ). The dip was previously observed in the IRSE spectra of the p-type InN films from set A and it was related to a loss in reflectivity of p-polarized light as a consequence of reduced LO phonon plasmon coupling to free holes. 29 This is also accompanied by a sudden increase of phonon-plasmon broadening, c LPP À , for the free holes [see Fig.  3(b) ]. The presence of free holes in samples B3, B4, and B5 was also inferred by negatively shifted ECV and positive Seebeck coefficients in thermopower measurements. 23 Sample B6 with Mg concentration of 9.0 Â 10 19 cm À3 was identified as p-type from our IRSE analysis, but as n-type material by ECV and thermopower measurements. 23 This discrepancy might be due to the influence of the n-type buffer layer on the electrical measurements. The hole mobility values in set B range from 21 cm 20 cm À3 the conductivity type is again switched to n for samples B7 and B8 (Table I, Fig. 2 ). It is seen from Fig. 1 that the dip at around 600 cm À1 still occurs in the IRSE spectra of B7 and B8. However, noticeably smaller LPP -broadening parameters are determined for these samples [ Fig. 3(b) ]. A smaller c LPP À is related to a smaller effective mass and a higher carrier mobility and clearly indicates n-type behavior. We note that the attempt to model the IRSE spectra of B7 and B8 as p-type (assuming effective hole instead of effective electron mass) resulted in unreasonably high mobility parameters for free holes. On the other hand, modeling the spectra with free electron contribution resulted in mobility parameters of 766 cm 2 /V s and 608 cm 2 /V s for B7 and B8, respectively, which are well within the typical values for n-type conductive InN films [ Fig. 2(b) ].
The determined FCC parameters for the samples from set B are in excellent agreement with the previously reported results for set A (see Table I ). However, the p-type window of Mg concentrations slightly differ between the two sets. The different conductivity behavior in samples A2 and B2 with the same Mg doping may be due to different growth conditions and will be further addressed when discussing the defects in the films. Figure 4 shows AFM images of selected samples from sets A and B, representative for the surface morphology observed for the specific ranges of Mg doping concentrations. The values of the root mean square (RMS) roughness of all films, estimated from the 10 Â 10 lm 2 micrographs, are plotted as a function of Mg concentration in Fig. 5 and listed in Table I 56 The change of morphology is accompanied with the formation of large structures with oval shape and a noticeable increase of the RMS roughness above 10 nm (Fig. 5) . These structures are few and have relatively large size for the films with Mg 
B. Surface morphology and growth mode

À3
, 36 for which the onset of polarity inversion in In-polar InN films was previously reported.
In-polar films are typically grown at much lower temperatures compared to their N-polar counterparts due to the lower decomposition temperature of In-polar InN. 31 Furthermore, the optimum growth regime for fabricating high-quality InN is at the border between In-droplet and Nrich regimes at slightly In-rich conditions. 55 In contrast, the optimal growth regime for N-polar material is at significantly higher temperatures (typically above 540 C), lower III/V ratios and at the border between the In-droplet and Inadlayer regimes. 57 Therefore, once the polarity inversion takes place the same point in the In-polar InN growth diagram now corresponds to highly In-rich region for the N-polar growth diagram, which is very far from the optimal growth conditions of N-polar InN. This can explain the deterioration of surface morphology observed for the samples from both sets with [Mg] ! 9.0 Â 10 19 cm
. At such growth conditions, it is plausible to suggest that the formation of In-droplets will be enhanced. Therefore, the large oval structures that begin to appear with the on-set of polarity inversion may be associated with In-droplets or areas with In-polarity. In this respect, it is very instructive to compare the two samples from set B with the same Mg concentration of 2.3 Â 10 20 cm À3 but grown under different III/V growth ratios. Representative AFM micrographs of these samples are shown in Figs. 4(e) and 4(f) . It is seen that sample B8 grown under In-rich conditions [ Fig. 4(f) ] shows the oval structures on the surface while no such features can be detected on the surface of sample B7 grown under N-rich conditions [ Fig. 4(e) ]. These results support our suggestion that the large oval structures observed at the surfaces of the InN films with high Mg concentration could be associated with In-droplets. This is further confirmed by additional compositional analysis and HCl etching.
C. Microstructure
The RSMs around the WZ InN (0004) reciprocal lattice point taken from the samples of set A are shown as examples in Fig. 6 . Similar results are obtained for the samples from set B. All RSMs show elliptical shape typically observed for group-III nitride heteroepitaxial layers due to the limited coherence lengths of the mosaic blocks. 58 It is also seen that the RSMs are asymmetrically elongated in the q z -direction towards smaller scattering vectors (larger c-lattice parameters). Similar elongation is observed for the undoped and p-type conductive InN films [Figs. 6(a)-6(d)] indicating that the elongation is not related to Mg doping. It is most probably due to strain relaxation along the InN films' thicknesses and the presence of InN buffer layer with a larger c-lattice parameter. 59 As a result of lattice and thermal expansion coefficient mismatches, a compressive in-plan strain and tensile out-of-plane strain is generated in InN films on GaN/sapphire. Thus, larger c-lattice parameters would be expected in the biaxially strained InN films as suggested above. It should be also noted that the RSM FWHMs along both q x and q z directions are nearly the same with changing [Mg] , two separate peaks are well resolved in the RSM [ Fig. 6(g) ]. In addition to the main WZ InN (0004), an extra peak appears at smaller q z and which can be associated with diffraction from ZB InN (222). In order to confirm this assignment, we performed PF measurements of ZB InN (200) peak at 2h ¼ 36 . Note that no WZ-InN peak exists around these scattering angles which allows for unambiguous identification of ZB InN. Figure  7 shows the stereographic projection of the PF for sample A7, revealing six peaks rotated with respect to each other by 60 at an angle of inclination W $ 57
. This is consistent with ZB InN growing with the [111] direction parallel to the surface normal as inferred from the RSM in Fig. 6(g , previously estimated from transmission electron microscopy to be the upper limit for the on-set of ZB InN formation in similar samples (set A). 34 Obviously, the value of this critical [Mg] should be affected by growth conditions. Indeed, no ZB InN could be detected in the samples from set B even at [Mg] ¼ 2.3 Â 10 20 cm
À3
. This result is in agreement with previous works on similar samples (set B) for which the formation of ZB InN was reported to occur at [Mg] ¼ 6.3 Â 10 20 cm
. 31 We estimated the volume fraction of ZB InN in the samples from set A to be 0.5%, 1.09%, and 1.48%, for A5, A6, and A7, respectively [see Fig. 6(h) ]. The lower volume fraction of ZB InN in A5 and A6 provides a possible explanation why a separate ZB InN (222) peak cannot be unambiguously resolved in the RSMs of these samples [Figs. 6(e) and 6(f)]. The less pronounced diffraction due to ZB InN (222) peak in the RSMs of A5 and A6 become submerged by the InN strain relaxation giving rise to the elongation in the q z direction as discussed above [Figs. 6(e) and 6(f)]. The results in Fig. 6(h) . ZB InN(111) and WZ InN (0001) differ only by their stacking sequence and therefore inclusion of ZB InN leads to the presence of stacking faults (SFs) in WZ InN. 60 We therefore speculate that Mg incorporation leads to the generation of stacking faults and after a critical concentration of Mg ([Mg] ¼ 1.8 Â 10 20 cm À3 for the samples from set A), the density of SFs is sufficiently high that ZB InN inclusions start to form.
We also estimated the density of screw, N scw , and edge, N ed , type dislocations in the films from the respective tilts and twists. All results are listed in Table I , N scw and N ed are plotted as a function of Mg concentration in Fig. 8. N For the heavily doped InN films A5-A7, a slight increase in density of edge type dislocations can be seen (see Fig. 8 and Table I ). On the other hand, the density of screw type dislocations increases almost an order of magnitude with increasing [Mg] (see Fig. 8 and Table I ). Note that the free electron concentration in these samples also increases by about an order of magnitude and the carrier mobility drops significantly (see Fig. 2 and Table I ). It has been argued in the literature that either dislocations 63, 64 or H and O impurities, 16, 17, 65 are most likely the sources of the unintentional n-type conductivity in as-grown InN. However, usually the edge type dislocations have been considered when no correlation between free electron concentration and the dislocation densities is reported. 16, 17, 65 Our results indicate that screw dislocations, although two-orders of magnitude lower compared to edge dislocations, may play a role for the n-type conductivity, in particular for this range of free-electron concentrations. However, the ZB InN fraction also scale linearly with increasing [Mg] in the heavily doped samples [see Fig. 6(h) ]. Therefore, other defects, such as stacking faults and/or ZB InN inclusions might have an effect on the observed increase of the free electron concentration. It should also be mentioned that the undoped InN from set B (B1) shows slightly lower free electron concentration compared to the undoped film from set A (A1) while their N scw are very similar. Moreover, N ed is slightly higher in B1 compared to A1 (see Table I and Fig. 8 ) and the Mg concentration, at which the conductivity switches from n to p is higher in set B. These results indicate a very complex interrelation between extended defects and conductivity and suggest that additional factors such as point defects and impurities are playing role for the unintentional doping as well, in particular for the range of low free electron concentrations below 10 18 cm
. In this respect it is also interesting to consider the samples B7 and B8 which represent highly compensated material with very low electron concentration in the 10 16 cm
range [see Table I and Fig. 2(a) ]. N ed and N scw for sample B7, grown under N-rich condition, are lower than the corresponding values for sample B8, grown under In-rich condition ( Fig. 8 ) which is consistent with the polarity inversion scenario discussed above. On the other hand, the free electron concentration in the InN films B7 and B8 anticorrelates with the dislocation density and suggests another origin of the n-type conductivity in this case. Indeed in our previous works we found large H concentrations in InN films grown by MBE under different growth conditions and in different laboratories. 17, 60 Very recent works indicate that O may also play an important role for the conductivity in InN:Mg films. 66 The observed increase of the screw dislocation density and the substantial increase of the symmetric and asymmetric RSM broadening [see Figs. 6(f) and 6(g)] for the heavily doped InN films (see Fig. 8 ) can be correlated with the increase of the surface roughness (Fig. 5) . This is consistent with the suggested polarity inversion scenario. The growth conditions are selected for In-polar InN and thus far from the optimal growth temperature above 540 C for N-polar material. Consequently, the structural quality of the InN films is lower once the polarity inversion takes place and further deteriorates with increasing [Mg] . Further support for our reasoning comes from the comparison of the two InN films grown with the same Mg concentration of 2.3 Â 10 20 cm
(above the critical value for polarity inversion, about 9 Â 10 19 cm
) under different growth conditions. Lower dislocation densities, N ed and N scw , a lower surface roughness, and a slightly higher mobility and a lower LPP broadening for the N-rich (B7) with respect to the In-rich (B8) InN were found. We attribute these better structural and transport properties of B7 to the adjusted growth conditions better suited for N-polar InN. Interestingly, the heavily doped sample B7, grown under N-rich conditions has similar structural properties to the undoped InN (see Table I ). This indicates that adjusting growth conditions after polarity inversion may offer a pathway to the growth of compensated InN material with relatively high mobility and good crystal quality. Several types of strain are present in the InN:Mg films: (i) strain due to the size effect from the incorporation of Mg in the InN host lattice; (ii) thermal biaxial strain due to the difference in thermal expansion coefficients of sapphire and InN; (iii) biaxial strain due to the lattice mismatch between GaN and InN; and (iv) growth strain associated with the specific growth mode, grain coalescence, etc.
Mg occupies the In site in the crystal lattice of InN doped with Mg. 5 We have shown very recently by first principle calculations that the incorporation of Mg leads to decrease of c and a lattice parameters as a result of the size effect with , for which the size effect predicts a decrease in the lattice parameters of À0.001 Å . This estimate is incompatible with the experimental values of þ0.02 Å for a and À0.02 Å for c, respectively. Obviously the trend observed in the measured lattice parameters cannot be explained by the size effect due to Mg incorporation.
The thermal in-plane strain in InN is expected to be compressive and it should be the same for the samples from a given set. The in-plane lattice parameter of the GaN buffer layer, a GaN ¼ 3.1893 Å 45 is smaller than the one of InN, a InN ¼ 3:539Å 68 and the resulting lattice mismatch will also cause compressive in-plane strain. Therefore, the biaxial strain component cannot lead to the observed increase in the a-lattice parameter of InN either.
Therefore, we suggest that the increase of the a-lattice parameter with Mg concentration is related to the growth strain. It is known that during the coalescence of grains, a tensile biaxial strain in the film could be generated. 69 Tensile biaxial growth strain caused by the incorporation of Mg in InN provides an explanation for the observed trend of increasing a and decreasing c-lattice parameters (see Fig. 9 ). The resulting total stress in the films remains compressive due to the differences in thermal expansion coefficients of substrate and film, which overwhelms the tensile growth stress. Similar findings are reported for Si-doped GaN grown on sapphire, for which the silicon incorporation was shown to cause generation of tensile growth stress in the films. 70 
IV. CONCLUSIONS
In conclusion, we have studied the effect of Mg doping on the FCC and structural properties of two different sets of InN films grown by MBE. A systematic change of the type of free-charge carriers and their parameters was found with increasing [Mg] . The structural parameters and extended defect densities in the InN films from the low-doped range and the p-type window are not affected by the Mg doping and remain very similar to those of undoped InN. These films further exhibit smooth surfaces and dislocation pinned step-flow growth morphology typical for high-quality In-polar InN epitaxial layers. On the other hand, the surfaces of the heavily doped InN:Mg films roughen significantly and reveal columnar-like growth. This is accompanied with an increase in screw dislocation density and deterioration of structural quality that is attributed to inversion of InN polarity. It is suggested that Mg incorporation leads to the generation of stacking faults, the density of which increases with increasing [Mg] and eventually leads to the formation of ZB-InN. The ZB-InN volume fraction was shown to scale linearly with Mg concentration for the heavily doped InN films. Similar trends of increasing free electron concentration, density of screw type dislocations, and ZB InN volume fraction with increasing [Mg] were observed for the heavily doped InN films. However, a comparison between the structural characteristics and free electron concentrations of InN films doped with the same [Mg] but grown under different conditions suggests a complex interplay between extended and point defects for the n-type conductivity in InN. It was also suggested that adjusting growth conditions towards more N-rich regime after polarity inversion may offer a pathway to the growth of compensated InN material with relatively high mobility and good crystal quality. Finally, the incorporation of Mg was found to cause an increase of the a-and decrease of the c-lattice parameters, which was attributed to a Mg-induced growth strain of tensile biaxial nature.
